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The distribution and appearance of morulate bodies in the heliozoon Actinophrys sol is described using electron-microscopy. Members of the genera of Actinophryid heliozoa (Actinophrys, Actinosphaerium and Echinosphaerium) are characterized by stiff radiating arms which are supported by elaborate arrays of microtubules (9) . The large size and accessibility of these microtubular structures (axonemes) have made them attractive systems with which to investigate microtubule biology (see 4 for general review). The fine structural characteristics of the axonemes under natural or experimental conditions of armshortening have been extensively investigated (1, 10, 14-19, 21-24, 26, 27) . Many of these studies have described the occurrence of non-microtubular structures, such as macrotubules, filaments, 'C'-shaped tubules, wavy tubules and paracrystalline arrays; all of which are believed to be derived from the microtubular axonemes. Such reports often also record the disruption of the normal geometric packing pattern of the microtubules within the axoneme. Patterson (11) has described structures which he called multivesicular bodies, and which are here more appropriately referred to as morulate bodies. The morulate bodies are also believed to be associated with axonemal degradation. Similar structures had been noted in Actinophryids by other workers and have been variously interpreted as excretion bodies (24, 25), as 'X' bodies or tubular 'X' bodies involved in the control of cytoplasmic contractility (18, 21) and as presumptive extrusomes (8) . A better understanding of these structures would seem to be a prerequisite for a comprehensive understanding of microtubule biology in Actinophryids, or for a fuller appreciation of the Actinophryid cell in its functional entirety. This study presents evidence that the incidence of morulate bodies is related to the state of the axonemes and that they are associated with axonemal degradation. 
RESULTS
Normally in Actinophrys sol, many microtubular axonemes extend from the surface of the nucleus and course through the cytoplasm. The appearance of these structures by electron and light-microscopy is shown in Figs. 1, 2 and 4. The axonemes are rigid structures comprised of many parallel microtubules in a double polygonal spiral array as shown in Fig. 1 .
Very often, in some cells, masses of dark bodies can be found in or around positions in the cell similar to those occupied by axonemes (Figs. 3, 7 and 8). The proportion of cells bearing such structures, and the relative number of these masses of morulate bodies, can be influenced by the fixation procedure. Procedures adopted to reduce the quality of microtubule preservation, such as using low concentrations of glutaraldehyde, adding calcium ions or cooling the fixation medium, increase the incidence of these bodies (Fig. 6 ). Under such fixation regimes, axonemes are usually absent, 9 ).
DISCUSSION
As suggested in the introduction, morulate bodies in Actinophryid heliozoa have already been described under a variety of names and assigned a variety of functions. Certain of these suggested functions now seem very unlikely.
Mignot (8) suggested that the morulate bodies were presumptive extrusomes. The occasional association of morulate bodies alongside axonemes might suggest transport along the axonemes to a cortical location, but this association is infrequent. Actinophryid extrusomes are membrane-bounded and highly osmiophilic (11) and therefore very dissimilar to morulate bodies. The absence of a membrane bounding the morulate bodies makes two further suggestions as to their function unlikely. These are that these structures sequester excretion products (24, 25) or that they regulate cytoplasmic contractility (18, 21) . The latter function is normally carried out by modifications of the concentration of free calcium ions by membrane-bounded compartments (5, 6, 13, 20) . One would expect a membrane to be involved in the segregation of excretory products from the cytoplasm.
The observations presented here suggest that the morulate bodies are related in some way to the degradation of microtubular axonemes. The incidence of morulate bodies is greatly increased if fixation regimes which preserve microtubules poorly are adopted. The morulate bodies typically occur in masses which lie in positions usually occupied by axonemes (i.e. perpendicular to the nuclear envelope and radiating away from it) or in the immediate vicinity of axonemes. Microtubules or fragments of axonemes may be seen within masses of morulate bodies. The thickness of the walls of morulate bodies is similar to the thickness of microtubule walls, and the size of the enclosed space is similar to that of macrotubules, a well documented artefact produced from microtubules (4). The relative numbers of axonemes and morulate bodies in cells without special pretreatment are inversely related, so that when there are few axonemes, there are many morulate bodies. If axonemes are stabilized by treatment with Taxol (7), morulate bodies do not form. On the contrary the numbers of axonemes in cells is reduced by pre-treatment with cold and colchicine, the incidence of morulate bodies declines, and no morulate bodies are found in cells without axonemes. If recovery and redevelopment of axonemes is permitted, then the incidence of morulate bodies rises. One of the evident interpretations of this data is that the morulate bodies are produced from axonemes as artefacts of fixation. Artefactually induced tubulin structures having a variety of appearances have been described elsewhere (2, 3, 4) . The association of morulate bodies with intact axonemes under conditions favouring axonemal degradation raises two other possible interpretations about the nature of morulate bodies. The first is that morulate bodies represent an intermediate stage in the polymerisation of microtubules from tubulin dimers. However, we have no other evidence to support this interpretation which is also inconsistent with current understanding of microtubule development (4). The second interpretation that the morulate bodies mediate the disassembly of the axonemes as has been suggested for tubular X-bodies in Echinosphaerium (18) is discussed below.
The evidence above indicates that morulate bodies will only be found in thin sections of cells which contained axonemes before fixation. If the axonemes are removed experimentally, as was investigated in this study, then no morulate bodies will be found. It would appear that morulate bodies are closely associated with degradation of axonemes and that their incidence can be manipulated by employing fixation regimes which preserve microtubules poorly. Although it is suggested above that this can be explained by suggesting that the morulate bodies are derived directly from axonemes during their disassembly, an alternative explanation is that morulate bodies are structurally and developmentally independent of the axonemes but mediate axonemal degradation. Given such an interpretation, a mechanism is required to explain how the incidence of morulate bodies increases during fixation for electron-microscopy. However, this interpretation is supported by the frequent observation of morulate bodies and axonemes co-existing in the same cells. This co-existence could only be harmonized with the concept that morulate bodies are derived from axonemes if we assume that different axonemes within one cell have different degrees of stability. This suggestion is not implausible as we know that selective breakdown and reassembly of axonemes is employed during heliozoon feeding, movement and cell division (9) (10) (11) (12) 28 
